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INTRODUCTION
The objective of this research was to investigate whether the visible-light irradiation of lightactivated drugs, non-covalently bound to globular proteins, would prompt changes of the polypeptide due to photophysical/photochemical events initiated by the ligand.
There is mounting evidence that molecular mechanisms initiated by light-activated drugs in cells are more sophisticated than initially thought , 1 and involve both relocalization of the dyes during light exposure and the direct targeting of proteins.
1,2 Among the targeted proteins arguably the most significant is tubulin and, consequently, the microtubules (MT). In vivo, photodamage mediated by the irradiation of porphyrins, produces destabilization of MT with consequent arrest of the cell cycle and apoptosis. 2 3 The mechanism of a light-activated drug"s photodamage of proteins is poorly understood.
Besides biomedical applications, laser-induced conformational changes of proteins could have an impact in other basic as well as technological areas of research. Controlling protein photodamage could in fact lead to (i) the fabrication of covalent and/or non-covalent molecular switches, 4 (ii) the fabrication of light-based biosensor that link light absorption with mechanical effects in the proteins and (iii) sophisticated methods to unfold proteins in more physiological conditions for the investigation of folding/unfolding protein dynamics. 5 The study would be particularly relevant if the induced photodamage was produced on generic globular protein, which does not contain specific active sites for the light-activated drugs.
For this reason, we used two model globular proteins: β-lactoglobulin (BLG) and tubulin. BLG is a small globular protein of 162 amino acids with a -barrel motif (Figure 1 ). Its physiological role has not been entirely clarified. However, it is known that BLG binds many different hydrophobic ligands, including hydrophobic porphyrins. Tubulin is a ~ 55 KDa protein which is normally found as a heterodimer of α and β forms 6 ( Figure 1 ). In vivo, tubulin heterodimers assemble reversibly to create MT 7 which are essential for diverse functions including intracellular signaling, morphology and cell division. 7 The in vivo assembly depends on the presence of nucleotides and Microtubule Associated Proteins (MAP), 7 but it has been shown that tubulin aggregation and stabilization can be prompted by several exogenous molecules such as taxoids and statins. 8 The fact that some porphyrins such as TSPP and other porphyrins produce similar stabilization is intriguing. Moreover, the molecular effects of porphyrins on tubulin and MT is still debated since both stabilization and destabilization of MT has been claimed. 2, 9 This makes the problem even more interesting because different porphyrins may bind at different sites and produce different results on the protein. Despite this initial evidence, the molecular mechanisms of porphyrin-induced effects on tubulin have not been thoroughly characterized.
Modifications of protein structure through reaction with transient excited states (such as those that may be produced by irradiating porphyrin molecules) has been thoroughly documented using pulse radiolysis, 10 although many of the specific mechanisms involving the secondary and tertiary structures remain unknown. Even less information is available on the effects that nonionizing radiation can produce especially when the transient excited states are formed by polyacrylamide (PAM) directly attached to the proteins. We believe that a good model to investigate this problem is to study the effects of porphyrin irradiation on globular proteins which do not offer active sites for the porphyrin ligands. The photophysical and photochemical properties of porphyrins are likely to produce structural effects on tubulin upon absorption of light. It was shown that a molecule like TSPP has a "dark" effect as well as one that is mediated by absorption of light. 2 Therefore, our research activity has focused on determining the mechanistic damage produced by irradiation of porphyrins non-covalently bound to tubulin. We believe that the mechanistic explanation of such effects holds great potential for the further application of PAM-mediated protein photodamage in the biomedical and technological fields.
The project has been carried out using a combination of optical techniques and molecular simulations in order to provide a thorough mechanistic model that uses the computational approach to help interpret the experimental data. The experimental techniques employed in this study are traditional biophysical techniques used in the investigation of protein-ligand interactions and the investigation of protein conformation. Techniques include fluorescence spectroscopy, fluorescence decay, and Circular Dichroism Spectroscopy (CD). The computational simulation for the moment is limited to the docking of porphyrins to proteins, used to establish the more favorable binding sites. The computational portion of the study is paramount as only by establishing the location of the binding site with a high degree of certainty, one can interpret their induced protein photodamage which is likely to be initially localized at the binding site.
RESEARCH ACTIVITY AND RESULTS
Binding of porphyrins to globular proteins
Prior to this study, we had already established the binding parameters of protoporphyrin IX (PPIX) to BLG and the role of the pH of the solution as modulator for the binding. The project allowed us to obtain information on the binding of tetra-phenyl-sulfonato porphyrin (TPPS) to BLG, as well as study the binding of the two porphyrins on tubulin. Such small change would not allow the applications of fluorescence intensity methods to establish the amount of bound porphyrin. 13, 14 Therefore, the contribution of free and bound porphyrin to the emission spectrum must be retrieved via Gaussian analysis of the emission spectra with equation 1 (Figure 1 ). (Figure 4 ). The range of protein and TPPS concentration has to be kept relatively low because of the restriction on the optical density (O.D.) of the samples imposed by the fluorescence method; in particular, signal linearity requirements impose that the O.D. at the excitation wavelength be < 0.2. Nevertheless, analysis of the isotherms in Figure 4 with equation 2, yields an estimate of the binding constant, K, the coefficient n, and the factor γ, which are summarized in Table 1 . The data show that the binding constant increases by approximately 20% with increasing pH. The value of n remains < 1 at all pH values indicating a negative correlation, and decreases by about 16% as the pH increases. A student"s t-test analysis reveals that differences in the value of K between pH are not statistically significant (p-value ≥ 0.2). Similarly, an analysis of the value of n reveals that, although its decrease with increasing pH is consistent with electrostatic surface binding of TPPS 4 , 15 the differences in its value at various pH are not statistically significant (p-value ≥ 0.1). Thus we are led to conclude that that approximately 1 TPPS molecule binds to each BLGA unit and that the binding constant is approximately constant across the range of pH.
A large increase with the pH occurs in the value of γ (Table 1) , where γ is given by the ratio of
. This factor depends on the emission quantum yields for bound and free TPPS 4-. Individual quantum yields for free and bound porphyrins at various pH values could not be experimentally calculated and are not available from the literature; therefore, our fitting only indicates that the large change in the binding isotherm of Figure 4 is due to changes of the emission quantum yields of the free and bound porphyrin at the different pH values. Quenching of BLGA by TPPS. Each BLGA monomer has two Trp residues, thus each BLGA dimer has potentially four Trp residues that can be quenched. The contribution of each residue to BLGA fluorescence is still under debate but some convincing studies suggested that only Trp19 at the bottom of the interior barrel contributes to the fluorescence of the protein. 16, 17 We therefore used equation 3 to assess whether the BLGA/TPPS 4-complex retains some residual fluorescence. The results show ( Figure 5A ) that the porphyrin quenches 80-100% of the monomer fluorescence and that this ratio is basically independent of the pH of the solutions as seen in Table 2 . Table 2 ) are numerically in good agreement with the ones retrieved from TPPS 4-fluorescence (Table 1 ) and they do not appear to be pH-dependent. Figure 5B Effects of urea. In order to probe whether the porphyrin binds to sites at the monomer/monomer interface we studied the effects of the addition of urea to solutions containing the BLGA/TPPS 4-non-covalent complex. It is known that within a certain range of urea concentrations, which depends on the pH of the solution, 21 BLGA dimers dissociate without any appreciable change in the tertiary structure of the individual monomers. 21 Thus if TPPS 4- binds to the dimer at the interface between the two monomers, the addition of urea may cause the porphyrin to return in solution upon dissociation of the dimers. . Addition of the same aliquots of urea to solutions containing only TPPS produced only a slight (2 nm) red-shift of the emission of the porphyrin, probably due to the sequestration of water molecules by urea. Since the red-shift resulting from binding to BLG is 7 nm, the lack of blue-shift of BLG-bound TPPS upon addition of urea indicates that TPPS 4-remains attached to the protein even when this is partially unfolded. The dissociation and unfolding of BLGA at increasing urea concentration was probed by the redshift and the increase in intensity of the intrinsic fluorescence of the protein 16 . The comparison of urea-induced denaturation of BLGA alone and BLGA in the protein/porphyrin complex shows that the presence of bound TPPS 4-stabilizes BLGA, as the sigmoidal transition to the unfolded state appears to be delayed (Figures 7(A) and 7(B) ). Calculation of ΔG 0 DCU and m produces the values shown in Table 3 . T/ (K/Pa)
the size of the BLGA dimer reported by others. 23, 24 This in turn confirms that in the pH and concentration range investigated, binding of TPPS 4- does not induce aggregation of BLGA.
Docking Simulations. A survey of the BLGA dimer structure (PDB file 1BEB.pdb) provides several potential binding sites for TPPS 4- . There are several Lys and Arg residues on the surface as well as in the grove formed between the 3-turn helix and the outside of the β-barrel. [25] [26] [27] In addition, we investigated the docking at intradimeric sites on the side of the 3-turn helices as well as on the side of the aperture of the barrel. 28 We attempted the docking to all these locations by approaching TPPS 4- at different orientations to each site. Our results show that there is no stable binding configuration for either the interior of the β-barrel or the outside grove. In addition, docking at the monomer-monomer interface did not yield stable binding configurations. Our docking computation revealed that the most likely binding site for TPPS 4-is on the surface of BLGA at a location which involves a near interdigitation of three of the four SO 3 -groups of TPPS 4-and the positively charged side chains of Lys14, Lys47, Lys100 and Arg124 ( Figure 9A ). This location also places the ligand in proximity (~ 7.2 Ǻ) of the fluorescent Trp19 residue ( Figure 9B ) which would explain the static quenching produced by the binding of TPPS 4-to BLGA. Thus, the computed binding site involves regions that include the N-terminus, the Bstrand, the FG-loop, and the loop between strand I and the 3-turn α-helix. 26, 27 Because of the large number of surface Arg and Lys it is likely that other surface regions may also be docking sites to the porphyrin. 
Binding of Porphyrins to Tubulin
Absorption spectroscopy of binding porphyrins. The addition of increasing aliquots of tubulin to the aqueous solution produced a red shift of the absorption maximum of TSPP ( Figure  10A ), and the appearance of a peak at 405 nm over the unstructured spectrum of PPIX ( Figure  10B ). This is in agreement with what observed in other studies of porphyrin/protein noncovalent binding and has been explained as (i) binding of porphyrin macrocycles to non-aqueous sites 29, 30 and/or (ii) monodispersion 19, 31 . Figure 10 (A) also shows that binding of TSPP to tubulin does not induce formation of J-aggregates as observed in other studies.
11
Porphyrin Fluorescence. Addition of tubulin to the solution causes the emission of TSPP or PPIX to increase in intensity and shift to longer wavelengths. The maximum of TSPP shifts from 642 nm to 649 nm and the maximum of PPIX shifts from 620 nm to 631 nm. The Gaussian fitting of the emission spectra shows that, as more tubulin is added to solutions containing porphyrin, the peak of bound porphyrin increases relatively to the one of free porphyrin. Stern-Volmer. The S-V plots show an upward curvature for quenching with either porphyrin (Figure 6 ). This may suggest the overlap of a dynamic and a static quenching component which could be justified by the presence of two exposed Trp residues (Trp 346α and Trp 407β). However, since the fluorescence lifetime of tubulin does not change under these conditions (see 
Time resolved fluorescence
Tubulin. The decay of tubulin intrinsic fluorescence reveals a non-exponential decay with three components summarized in Table 4 . Because of the large number of Trp residues a complex multi-exponential decay is expected. The relative contribution of the long-lived component (τ > 5 ns) suggests that the more exposed Trp residues may contribute to the majority of the protein fluorescence. [33] [34] [35] We did not attempt to separate the contribution of the single Trp residues.
Porphyrins. The fluorescence decay of TSPP and PPIX are affected by the binding to tubulin in agreement with previous observations. 11,36,37 PPIX fluorescence decay, which is bi-exponential in aqueous solution, becomes virtually monoexponential when the porphyrin binds tubulin ( Table 3 ). The relative amplitude of the short-lived component is quite small for the free ligand (6%), however, upon binding of tubulin its contribution decreases to ≈ 1%. The lifetime of the dominant component increases by approximately 1 ns upon binding to tubulin. The fluorescence lifetime of TSPP is monoexponential in aqueous solution and after binding to tubulin. However the lifetime lengthens from 9.9 ns to 11.7 ns (Table 3) .
Fluorescence decay of tubulin in the presence of porphyrins.
The addition of either porphyrin does not change the individual components or the average lifetime of tubulin fluorescence (Table  5 ). This supports our assumption that the fluorescence quenching of the protein is due entirely to static quenching caused by binding. It also appears to be in agreement with quenching of only a small portion of the Trp residues in tubulin.
FRET. Table 5 clearly indicates that addition of porphyrins does not affect the fluorescence decay of tubulin, thus suggesting the absence of FRET between Trp residues and porphyrins. Additional support is provided by steady-state emission and excitation spectroscopy. Excitation of tubulin at 280 nm in the presence of PPIX or TSPP does not produce an increase of the porphyrin emission intensity. Likewise, the excitation spectrum of porphyrin-protein mixtures does not show any increase of tubulin contribution when the emission wavelength was fixed to the value of the bound porphyrin. In fact, excitation spectra of solutions containing only tubulin and no porphyrin, recorded with emission wavelength at 631 nm or 649 nm, show a contribution of the protein. Since the protein fluorescence does not contribute at such long wavelength, we explain this as an artifact due to the fact that the range of emission wavelengths for the porphyrins (630-650 nm) overlaps with the first harmonic of the emission of the protein (315-325 nm), thus causing the appearance of the tubulin excitation spectrum.
Polymerization of tubulin.
We investigated whether the fluorescence effects observed could be attributed to polymerization of tubulin during the fluorescence experiments. To do so we carried out scattering experiments (turbidity assay 13, 38 ) under the same conditions of temperature and buffer as used for the fluorescence experiments. As expected, by operating at room temperature and in simple phosphate buffered solution the polymerization of tubulin was inhibited in the time scale of a typical fluorescence experiment (2-3 hrs) even at much higher tubulin concentration (5 µM). The addition of TSPP and PPIX did not induce any polymerization ( Figure 12 ). We thus ruled out that our results were affected by binding of porphyrin to polymerized tubulin. Distribution A; Approved for public release; distribution unlimited; Public Affairs case file no. 09-467, 29 Sep 09, Brooks City-Base, TX.
Docking simulation. Docking of PPIX yielded several possible binding configurations. The one characterized by the lower minimum was partly overlapped to the Taxol site (-11.9 kcal/mol). This site did not produce proximity to any Trp residue, the closest being Trp21 of the β-monomer located > 20 Ǻ away from the center of the porphyrin ring. The configuration that produced the best combination of minimum energy (-11.2 kcal/mol) and proximity to Trp residues is a site partly overlapped with the nucleotide site on the β-monomer. Such site brings PPIX and Trp407 in close contact ( Figure 13A ). Other sites in the proximity of Trp residues or near the location of the colchicine binding site, produced stable configurations with much smaller energy minima (-4.5 kcal/mol < ΔG < -9.0 kcal/mol). Since fluorescence experiments suggest that there are two porphyrins bound to each tubulin dimer one of these sites, not shown in Figure 13 , could represent the second docking location. Docking of TSPP yielded fewer possible binding configurations than PPIX, likely because of the four negatively charged SO 3 -groups symmetrically distributed around the ring. The one characterized by the lower minimum (-10.6 kcal/mol) is located between the taxol site and the GTP/GDP site on the β-monomer. This configuration also brings the center of the TSPP ring ~ 11 Ǻ from the N1 atom of the indole ring of Trp21 ( Figure 13B ). Also at this site one of the SO 3 -groups is located equidistant (~ 5 Ǻ) from two basic residues: His229 and Lys19 ( Figure 13C ). Docking of TSPP to the site of taxol, colchicines, vinblastine, as well as sites in proximity of other Trp residues resulted in either no energy minimization or configuration with shallower minima (-5.0 kcal/mol < ΔG < -6.8 kcal/mol). However because fluorescence data indicate the binding of a second TSPP molecule, it is likely that one of these site would also be occupied. An interesting observation is that in nearly all docking configurations, such as the one shown in Figure 10 , the indole ring of the most proximal Trp residues and the ring of the porphyrins were nearly at a 90˚ angle, thus independently supporting the absence of FRET between Trp residues and porphyrins 39 . More detailed docking studies are ongoing and may shed further light on the location of the binding sites for PPIX and TSPP and the resulting intermolecular interactions.
Figure 13 (A) Molecular simulations using ArgusLab show that the location of the most stable binding site for PPIX (pink) is located proximal, but not overlapped, to the nucleotide (CPK color) site and places PPIX in contact with Trp407 in the β-monomer (yellow). (B) The site of TSPP (pink) places it between the location of GTP and taxol (both in CPK colors) and at ~ 8 Ǻ from Trp21 in the β-monomer (yellow). In both (A) and (B) the indole ring is nearly perpendicular to the porphyrin ring. (C) One of the SO 3 -groups of TSPP (red) is in proximity and equidistant with Lys19 (green) and His229 (blue)
PHOTODAMAGE OF GLOBULAR PROTEINS MEDIATED BY PORPHYRINS IRRADIATION
Irradiation dependence of TPPS and BLG absorption. Irradiation of the TPPS/BLG complex leads to bleaching of the protein (279 nm) and the porphyrin (413 nm). The decrease at 279 nm is accompanied by the increase of a broad shoulder near 320 nm ( Figure 14A and B). At pH ≥ 8 the Soret band of TPPS shifts by ~ 5 nm to longer wavelengths. Since the concentration of TPPS was low (~ 1µM) the Q-bands were not clearly visible, therefore the effects of irradiation in this region was investigated using fluorescence excitation spectra but they did not reveal any additional information other than a shift of the lowest energy Q(0,1) band (supplemental material). The relative bleaching of BLG and TPPS is larger for increasing pH values (equal amount of photon energy density (J/cm 2 ) deposited in the sample). The increase of the shoulder at 320 nm is twice as large at pH 8 and 9 than at pH 6 ( Figure 14B ). At alkaline pH but not at pH 6 and 7, the bleaching of TPPS is accompanied by a shift in the Soret band ( Figure 14B ). The inserts shows the difference absorption spectra between the complex at increasing irradiation energy density and the non-irradiated complex. Once again the arrows in the inserts indicate the direction of the relative change in absorption as a function of the irradiation energy density at the sample. Note that at pH 9 (in air and N 2 ) the decrease of the band near 413 nm is accompanied by a red-shift. The spectra at pH 6 are also representative of the spectra at pH 7, whereas the spectra at pH 9 are representative also of the spectra at pH 8 (supplemental material)
Deoxygenation of the BLG/TPPS solutions did not prevent bleaching of either the porphyrin or the protein, or the formation of the band at 320 nm. As Figure 14C shows, at alkaline pH (but the same applies at pH 6 and 7) the features recorded in the air-saturated samples are still present in deoxygenated samples and the extent of the relative changes observed is comparable to that for samples in air. Figure 14) is the reason for the decrease in its emission intensity. However, at pH ≥ 8 the photobleaching is accompanied by a 5 nm shift of the Q(1",0) emission maximum to longer wavelengths ( Figure  15 ). Such additional shift is similar, in magnitude, to the one observed in the absorption ( Figure  14(B) ) and excitation spectra (supplemental material). In deoxygenated samples, irradiation produce effects similar to the ones observed in the presence of oxygen in the emission spectra of the TPPS/BLG complex. Figure 14) is responsible for the decrease in the emission intensity of the protein in the TPPS/BLG complex. However, at pH ≥ 8 the decrease in intensity is accompanied by a very slight red-shift (~ 2nm) in the emission maximum which may indicate small changes around the Trp residues.
Irradiation dependence of TPPS steady-state fluorescence. The bleaching of TPPS (
Irradiation dependence of UV fluorescence (BLG and products). The irradiation-induced bleaching of BLG in absorption (
We investigated the emission properties associated with the irradiation-induced 320 nm shoulder ( Figure 14) . Excitation of this band produces a broad and weak emission centered near 408 nm ( Figure 16A and B). The low intensity of such band is due to a combination of the small O.D. and, possibly, a smaller fluorescence quantum yield of the emitting molecule. However as, Figure 4 shows, in agreement with absorption ( Figure 14 ) the emission intensity of this band at alkaline pH is larger than at pH 6 and 7. The excitation spectrum associated with the 408 nm broad peak, produces a component of the protein with peak at 279 nm and a shoulder at 321 nm similar to the absorption spectrum (supplementary material). (Right) pH 9, air-saturated solutions. The spectra at pH 6 are also representative of the spectra at pH 7, whereas the spectra at pH 9 are representative also of the spectra at pH 8
Purging the solution with N 2 does not affect the steady-state emission of BLG in the complex upon laser irradiation. The protein is bleached while the maximum of the emission of BLG remains unaffected at low pH and shows the same slight red-shift at higher pH values. The emission and excitation properties of the 320 nm shoulder also remain unaffected.
Intrinsic fluorescence lifetime of the protein in the BLG/TPPS complex (air-saturated).
Measurements of the fluorescence lifetime provide additional important information regarding the effects of irradiation. In agreement with our previous results 16 , at all pH values, BLG fluorescence decay can be separated into three, pH-dependent components.
Irradiation of the samples at pH ≤ 7 does not affect the emission decay of the protein in the BLG/TPPS complex (Figure 17(A) and Table 1 ). Conversely, at pH ≥ 8 irradiation of the complex produces a substantial lengthening of the fluorescence decay of the protein ( Figure  17B ). The deconvolution of the various decay components shows that the intermediate lifetime, τ 2 , lengthens by 130 ps at pH 8 and 260 ps at pH 9. At the same time the longer-lived component, τ 3 , lengthens nearly 1 ns at both pH values (Table 1) . Simultaneously, the relative amplitude of the third component, α 3 , increases at the expense of the relative amplitude of the intermediate component, α 2 (Table 1) . Conversely, the lifetime and amplitude of the subnanosecond component remain basically unaltered (supplemental material). In agreement with what was already observed in absorption and steady-state emission, deoxygenation of the samples did not produce any qualitative change in the effects of irradiation, thus unequivocally suggesting that the photoinduced changes of BLG do not depend on the presence of diffusing O 2 . As shown in Figure 17 (C) irradiation of deoxygenated solutions of TPPS/BLG complex produced a lengthening of the emission decay of the protein which is comparable to the one in air ( Table 6 ). The numerical values of the lifetimes (in particular τ 2 and τ 3 ) are larger in deoxygenated samples (for both irradiated and non-irradiated samples), according to the quenching that O 2 produces on the fluorescence of Trp residues in proteins. Figure 5B The investigation of the contribution of the emission band that appears at 405 nm after irradiation could not be investigated because the pulsed light sources available in our laboratory would excite a large contribution of the protein fluorescence even at an emission greater than 400 nm. 
450-320 NM (TPPS).
No CD activity can be observed for TPPS bound to BLG, in agreement with the fact that binding to BLG occurs without large distortions of the porphyrin ring. 41, 42 Irradiation of TPPS does not induce any CD activity of the porphyrin, indicating that photoinduced mechanisms between TPPS and BLG do not produce new optically active species of the porphyrin or distort its structure.
320-250 nm (Aromatic Amino Acids).
The spectra show negative peaks at 286 and 293 nm due to Trp residues and other negative peaks between 280 and 260 nm due to Tyr residues 43, 44 ( Figure 18A ). At pH ≤ 7 irradiation of the complex prompts a small decrease in the CD negative intensity and a < 10% increase of the ratio between the negative peaks at 293 nm and 286 nm, in comparison with the non-irradiated complex as well as the irradiated and non-irradiated BLG. This indicates some changes in the Trp residues or in their interaction with proximal groups. At alkaline pH, the difference is more dramatic. As Figure 6B shows, the signature double-peak (293 nm, 286 nm) of Trp residues decreases drastically while at the same time a broad peak centered near 321 nm appears (inset of Figure 18B ). This is an indication that the Trp residues may have been chemically modified.
250-196 NM (PROTEIN BACKBONE), Before Irradiation.
The experiments only yielded quality data between 250 and 195 nm. This was due to path length attenuation in the cell. Future work will incorporate a modified short-path cell and improved flow rates. Although this range excludes a portion of the spectrum important for the analysis of the secondary structure 45 our analysis is comparable to the ones reported before for CD spectra at λ > 200 nm. 46 First of all, it should be noted that the spectra of BLG (alone or in the complex) at alkaline pH are slightly different from the ones at pH 7 and below. The spectrum maintains largely the fingerprint of β-conformation (> 55% between sheets and turns ( Table 2) ) a small shift to lower wavelengths at pH ≥ 8 ( Figure 19A ) indicates a slight, but above the experimental error, increase (~ 7%) in unordered (random coil) at the expense of β-conformation (Table 7) , as calculated with CDPro spectral analysis of the CD signal. This is an indication of a diminished stability of the protein at higher pH as it has been suggested in the past. 27, 47 After irradiation. Figure 19B shows that at pH ≤ 7 there is a nearly perfect overlap between the spectra of the protein and the complex before and after laser irradiation. This indicates that there are no extensive structural effects in BLG. At pH ≥ 8, however, the spectra of the irradiated TPPS/BLG complex show a larger negative peak which shifts from 215 nm to 207 nm. Spectral analysis with CDPro reveals a large increase in the contribution of unordered structure (from 34% to 43%) and an overall decrease of the β-sheet + β-turn contribution (from 54% to 48%), while the contribution of the helices remains constant (Table 7) . This effect is similar, but larger in scale, to the one shown by Qi et al. 45 for the unfolding of BLG at T > 60 ˚C.
Circular Dichroism in deoxygenated samples.
In comparison with samples in air, eliminating O 2 form the solution does not produce any difference in the CD spectra regardless of the pH of the solution or the spectral range. However, our focus was to establish whether O 2 is necessary to prompt the large photo-induced CD changes observed in air at alkaline pH. As Figure 20 shows, the irradiation-induced conformational change of BLG in the complex still occurs to nearly the same extent as it does in air-saturated samples (Table 2 ). This result is in agreement with the fluorescence decay data and show that O 2 is not necessary to prompt the conformational rearrangement of the protein. 
Capillary liquid chromatography-mass spectrometry (LC/MS) and -tandem mass spectrometry (LC/MS/MS).
The intact average mass of BLG, as determined by capillary LC/MS and maximum entropy deconvolution of the electrospray charge state envelope, was 18,278 Da ( Figure 21 ). This is in excellent agreement, with less than a 1 Da or 55 ppm mass error, with the theoretical average mass of the amino acid sequence for gi|6729725 (NCBI sequence database) at 18,277 Da (Figure 21-inset) . Figure 8A correspond to an unknown protein impurity present at less than 10% the relative abundance of BLG in both non-irradiated and irradiated samples. The amino acid sequence of BLG, as determined by capillary LC/MS/MS of tryptic digests and probability-based protein database searching of MS/MS spectra, 48 was identified as gi|6729725 with 94% sequence coverage (Figure 21-inset) . Tryptic peptides with an MS/MS spectrum that could be assigned to BLG are shown in bold. Significantly, tryptic peptides spanning both Trp19 (underlined) and 61 were observed. Error tolerant protein database searching The theoretical monoisotopic mass of the unmodified-and OHKyn -modified forms of this tryptic peptide is 2706.37 Da and 2726.36 Da, respectively. The observed monoisotopic mass of the OHKyn-modified tryptic peptide, with amino acid sequence VAGTW*YSLAMAASDISLLDAQSAPLR, was 2726.70 Da. This is in excellent agreement, with less than a 127 ppm (precursor ion) mass error, with the theoretical monoisotopic mass. Likewise, the OHKyn assignment to Trp 19 is in excellent agreement, with less than a 272 ppm (product ion rms) mass error, with the theoretical monoisotopic masses for gas-phase fragmentation (CID) of this OHKyn-modified tryptic peptide. Lastly, confidence in our MS/MS assignments is reflected by the low expectation values of 1.3E-7 for this OHKyn-modified tryptic peptide, observation of 15 OHKyn-specific product ions, and observation of the oxidized-methionine form of this peptide (data not shown) , respectively. y (16) y (4) y (15) y (17) y (13) y (12) y (11) y (10) y (9) y(7) y (6) y (3) y (5) y (14) b (23) b (10) b (11) b (15 ) b (16) b (17 ) b (18) 
Conclusions
The data recorded with our measurements established several important "landmarks" for the study of the interaction of porphyrins with globular proteins. Porphyrins appear to prefer binding to superficial location on both BLG and tubulin. In the case of BLG and PPIX, this location is modulated by the pH-induced conformational change of the protein, while in the case of the negatively-charged TPPS, binding is not affected by the conformational change of BLG.
In summary, our results show that both porphyrins bind tubulin dimers with the same stoichiometry but with higher affinity for the water soluble TSPP through the formation of at least one ionic interaction. Our results also indicate that binding sites may be separate for the two porphyrins and do not seem to overlap with the sites of other known tubulin ligands. Direct evidence for this is however not available yet since initial attempts of studying binding competition between PPIX and TSPP using optical methods was unsuccessful due to the overlap of the absorption and emission spectra of the two porphyrins. Thus, additional investigations are ongoing to establish the exact location of the binding sites and the effect of porphyrins on tubulin in vitro polymerization. This first study shows that understanding the interaction between tubulin and porphyrins may in the future offer a mechanistic explanation of the porphyrininduced damage of microtubules and for the advancement of the use of porphyrins in phototherapy.
Our results show that porphyrins such as PPIX are indeed capable of modifying the structure of non-specific proteins upon irradiation of the Soret band. Although more detailed mechanistic studies are necessary, these results suggest that (a) phototoxicity of porphyrins may proceed through direct reaction with target proteins and (b) porphyrins may be used to trigger conformational changes useful for the investigation of protein folding/unfolding mechanisms. The unfolding mechanism is not O 2 -dependent, therefore a direct charge transfer between the porphyrin and one amino acid in the binding site is the likely cause of the conformational change rather than a more "trivial" oxidation produced by PPIX-sensitized singlet oxygen. The fact that the mechanism of photoinduced conformational change does not depend on O 2 , is extremely important for future development of porphyrin-induced conformational changes of proteins in biomedical applications and in proteomics.
In conclusion we have demonstrated that TPPS, non-covalently attached to a small globular protein (BLG), is capable of mediating photo-induced unfolding of the polypeptide. The unfolding is large (~ 20%) and proceeds through PET between the porphyrin and the protein. This mechanism does not require the mediation of O 2 to produce molecular "damage" to the protein and can be categorized as a Type III photosensitization mechanism. Additional investigations are ongoing. However, these results suggest that this property of TPPS can be translated to other porphyrin/protein systems and could be used to prompt photo-induced protein unfolding and protein inactivation as a viable strategy for biomedical applications of porphyrins. 
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